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Abstract 
Despite the importance of fire safety design of building structures, the structural behaviour of light 
gauge cold-formed steel members under fire conditions is not well understood. The light gauge steel 
members are susceptible to various buckling modes including distortional buckling. The distortional 
buckling effects associated with thin and high strength steel members are significant and the effects of 
fire conditions on the distortional buckling behaviour are not known. Therefore a research project was 
undertaken to investigate the distortional buckling behaviour of light gauge cold-formed steel 
members under axial compression. It included tensile coupon tests to determine the mechanical 
properties and detailed laboratory experiments and numerical analyses of channel members subject to 
axial compression at elevated temperatures up to 800°C. The results were compared with the current 
design rules and appropriate modifications were proposed. This paper presents a summary of the 
results from this investigation on the distortional buckling behaviour of cold-formed steel columns. 
1. Introduction 
Availability of thin and high strength steels and advanced manufacturing technologies has led 
to the increased use of innovative and efficient cold-formed steel members in the building 
industry. However, the knowledge and understanding of the structural behaviour of cold-
formed steel members under fire conditions is limited. Local and distortional buckling are the 
most common failure modes of short light gauge cold-formed steel compression members. 
Local buckling effects have been investigated at both ambient and elevated temperatures 
(Ranby, 1998) while there is limited research on the distortional buckling behaviour of cold-
formed steel members at ambient and elevated temperatures. Therefore this research 
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investigated the distortional buckling characteristics of light gauge cold-formed steel 
compression members at elevated temperatures using both laboratory experiments and 
numerical analyses. Experimental distortional buckling and ultimate strength results were 
used to validate the finite element model, which was then used to investigate the distortional 
buckling characteristics and the suitability of currently available design methods under fire 
conditions. This paper presents a summary of the details of this investigation and the results.  
2. Mechanical Properties of Light Gauge Steels 
In this research, the steady state test method was used to determine the mechanical properties 
of light gauge cold-formed steels at elevated temperatures. Tensile test specimens were taken 
from both low and high strength steels (G250 and G550 with min. yield strengths of 250 MPa 
and 550 MPa) with three thicknesses (0.60, 0.80, 0.95 mm) and tested at various temperatures 
in the range from 20oC to 800oC (100, 200, 350, 500, 650 and 800). A total of 115 tests was 
undertaken in this study using an electrically heated furnace (Ranawaka and Mahendran, 
2006). The yield strength, the elasticity modulus and the stress-strain curves were obtained 
from the tensile test results. Figure 1 shows the reduction factors for yield strength (fy,T/ fy,20) 
and elasticity modulus (ET/ E20) obtained from this study. A set of predictive equations was 
also developed for yield strength and elasticity modulus at elevated temperatures while a new 
stress-strain model was developed to predict the stress-strain characteristics of the steels.  
 
 
 
 
 
 
 
Figure 1. Yield Strength and Elasticity Modulus Factors 
3. Experiments of Compression Members at Ambient and Elevated Temperatures 
3.1 Experimental Details 
For the experimental study, two cold-formed steel cross sections, lipped C-sections with and 
without lips as shown in Figure 2 (Types A and B), were chosen. The required column length 
and the cross-sectional dimensions were obtained based on the buckling stress plots of the 
compression members from Thin-wall. As for the tensile coupon tests, three thicknesses (0.6, 
0.8, 0.95 mm) and two steel grades (G250 & G550) were used to make the test specimens for 
the distortional buckling tests. Type A sections were 30x30x5mm for 0.6 and 0.8 mm 
thicknesses and 30x35x5mm for 0.95 mm thickness whereas Type B sections were 
40x30x5x10mm for all three thicknesses. The test specimen length was varied from 190 mm 
to 290 mm depending on the thickness and the section type. Specially designed end plates 
with a 5 mm deep groove were used to provide fixed-end conditions to the test columns. The 
specimens were fixed inside the grooves in the end plates, filled with Pyrocrete 165 coil grout.  
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Type A Type B       (a) Ambient Temperature     (b) Elevated Temperature 
Figure 2. Test Sections                    Figure 3. Test Set-up 
Eighteen steel columns from each grade were tested at ambient temperature. The test 
specimens with the fixed-end plates were placed between the large cross heads of a testing 
machine and loaded in axial compression until the specimens failed (see Figure 3 (a)).  
At elevated temperatures, more than 120 tests were carried out including the tests at five 
different temperatures (200, 350, 500, 650 and 800ºC). A specially designed electrical 
furnace was used to simulate fire conditions in the experiments (see Figure 3(b)). Two shafts 
were used to fix the specimen and to apply the compression load to them. The bottom end of 
the shaft was fixed while the load was applied via the top end. All the experiments were 
undertaken in the steady state condition. The furnace was first heated up to the required 
temperature. It was then maintained for about 20 minutes so that the specimen also reached 
the required temperature. The specimen was allowed to freely expand when the temperature 
was increased. The specimens were loaded until they failed while maintaining the pre-
selected temperatures after the furnace reached a steady state condition.  
 
 
 
 
 
 
 
Figure 4. Load-shortening Curves           Figure 5. Distortional Buckling Failure Modes 
3.2 Experimental Results 
Figure 4 shows the typical load-shortening curves for 0.95 mm G550 Type A specimens at 
various temperatures. It demonstrates the ultimate load reduction with increasing 
temperature. Ambient temperature test results showed that column fails by both flanges 
moving inwards or outwards. Many test columns also failed due to one flange moving 
outward while the other flange moving inward at elevated temperatures (Figure 5). This could 
be due to the temperature or imperfections. However, the failure loads were about the same.                            
4. Finite Element Analyses 
4.1 Details of Finite Element Modelling 
Finite element analyses (FEA) of lipped and unlipped C-section compression members 
subject to distortional buckling were undertaken using ABAQUS and MSC/PATRAN. The 
S4 element type was selected as the suitable element type. A 5 mm mesh size was found to be 
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adequate based on convergence studies. The mechanical properties, Young’s modulus of 
elasticity and yield strength, as measured by Ranawaka and Mahendran (2006) at elevated 
temperatures (Figure 1) were used in the FEA.  All the specimens were modelled based on 
isotropic strain-hardening behaviour as observed in the actual mechanical properties. 
Measured initial geometric imperfections were used in the nonlinear analyses. However, in 
the parametric study, an imperfection equal to plate thickness based on Schafer and Pekoz 
(1998a) was used. Schafer and Pekoz’s (1998a) residual stress distribution was slightly 
modified and used here based on available literature and preliminary FEA studies (Ranawaka, 
2006). Since residual stresses diminish as the specimens are heated, suitably reduced residual 
stresses were included in FEA at elevated temperatures (zero at 800oC). Fixed-end conditions 
were modelled as in the experimental study. They were introduced to the centroid node and 
then distributed to the other nodes through the MPC (multi-purpose constraints). At mid-
length, symmetry boundary conditions were used. Axial compression load was defined as a 
concentrated nodal force in the top and distributed to the end through the MPC.  
 
 
 
 
 
 
Figure 6. Finite Element Models and Predicted Distortional Buckling Mode 
4.2 Model Validation 
Typical half length finite element models developed as explained above are shown in Figure 
6 for Types A and B sections. They were used to simulate the distortionl buckling 
experiments of the two sections with three thicknesses at ambient and elevated temperatures. 
Both the bifurcation buckling analysis to determine the elastic distortional buckling load and 
the nonlinear analysis to determine the ultimate loads and deformations were undertaken. 
 
 
 
 
 
 
Fig. 7. Typical Load-Deflection curve      Fig. 8. FEA & Test Ultimate Load Comparison 
Figure 7 shows the typical axial compression load versus out-of-plane deflection for Type A 
specimen at ambient temperature. These curves show that the experimental and FEA results 
are in good agreement. Similar comparison was undertaken for other specimens at varying 
temperatures from 20 to 800oC. Figure 8 demonstrates that all the test and FEA results agree 
well (Exp/FEA ratios closer to 1.0) for 0.6 mm Type A specimen. The model was used in a 
parametric study of distortional buckling behaviour of cold-formed steel specimens by 
varying the dimensions of lip, flange and web for Type A and B sections at ambient and 
elevated temperatures. The results were then compared with the predictions from the direct 
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strength method and AS/NZS 4600 (SA, 2005) design rules. The ultimate load results from 
this parametric study are compared with the available design equations in the next section.   
5. Comparisons with Current Design Methods 
5.1 AS/NZS 4600 
The FEA ultimate loads were compared with AS/NZS 4600 (SA, 2005) design equations. A 
reduced yield stress, lesser of 0.90 fy or 495 MPa, was used for 0.6 and 0.8 mm G550 steels. 
For fod>fy/2:   
 
For fy/13≤fod≤ fy/2:               
where A = Area of the full cross-section, fy = Yield strength of  steel, fn = Ultimate strength 
of the specimen, fod = Elastic distortional buckling strength. 
The above equations are limited to ambient temperature conditions. However, they were also 
used to predict the ultimate distortional buckling failure loads of compression members at 
elevated temperatures by using the appropriate reduction factors for mechanical properties at 
relevant temperatures given in Figure 1, ie. a reduced yield strength fyT was used while fod 
calculation was based on a reduced modulus of elasticity ET at elevated temperatures. The 
comparison of AS/NZS 4600 (SA,2005) predictions with FEA results at ambient and elevated 
temperatures is shown in Figure 9. From this it can be concluded that the design equations in 
AS/NZS 4600 are reasonably accurate for light gauge cold-formed steel columns. 
 
 
 
 
 
 
 
               (a) Ambient Temperature   (b) Elevated Temperatures 
Figure 9. Comparison of AS/NZS 4600 Predictions with FEA Ultimate Loads 
5.2 Direct Strength Method 
The direct strength method (DSM) proposed by Schafer and Pekoz (1998b) is one of the 
alternative methods to determine the strength of cold-formed steel members. In the DSM 
Equation 2 gives the ultimate load of compression members failing by distortional buckling. 
As for the AS/NZS4600 design rules, the DSM was also modified by including the yield 
strength reduction factors obtained in this research to determine the ultimate loads at elevated 
temperatures. Figure 10 shows the comparison of FEA results with Equation 2 predictions.  It 
shows that the FEA results in general fall below the curve even for ambient temperature 
conditions, and hence a new DSM Equation 3 was developed to replace Equation 2 so that 
the results are predicted more accurately for ambient temperature conditions.  
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    (2b) 
where,  
 
 
 
 
 
 
                (a) Ambient Temperature   (b) Elevated Temperatures 
Figure 10. Comparison of DSM Predictions with FEA Ultimate Loads 
 
For 55.0<λ    yTnTnT AfAfP ==                      (3a) 
 
For 55.0≥λ               (3b) 
 
Equation 3 was written in a generic form to indicate that it can also be used at elevated 
temperatures as long as appropriately reduced mechanical properties (fyT & ET) are used. 
Other researchers (Feng et al., 2002, Ranby, 1998) also stated that such simply modified 
equations can be used to predict the ultimate loads of cold-formed steel columns at elevated 
temperatures. However, applicability of Equation 3 was examined for elevated temperature 
conditions using the results from the parametric study. It was found that its accuracy 
decreased beyond 500oC and 350oC for high and low strength steels, respectively. Many 
changes occur with increasing temperatures: stress-strain curves become more non-linear (not 
elastic-plastic), the yield strength decreases at a faster rate than the elasticity modulus, ie. the 
ratio of yield strength reduction factor to elasticity modulus reduction factor (kyT/kET) is not 
one and the residual stresses decrease rapidly. Effects of these factors on the ultimate load 
were investigated in detail by Ranawaka (2006) and it was found that the main influential 
parameter was kyT/kET. Equation 3 was able to predict the ultimate loads at elevated 
temperatures only when this ratio was higher than about 0.9. Hence Equation 3 was further 
modified to the following in order to achieve similar accuracies for all the temperatures and 
all the cold-formed steel sections considered here. A thorough study based on the mean and 
CoV of the ratio of FEA to predicted ultimate loads was used for this purpose. 
For 43.0<λ    yTnTnT AfAfP ==                     (4a) 
For 43.0≥λ           (4b)   
6. Conclusions 
This paper has presented a summary of an investigation on the distortional buckling 
behaviour of light gauge cold-formed steel compression members at ambient and elevated 
temperatures and the results. Distortional buckling and strength characteristics of two cold-
formed sections made of varying thicknesses and both low and high strength steels were 
studied using laboratory experiments and finite element analyses. The ultimate load results 
were compared with predictions from the current design rules based on AS/NZS4600 and the 
new direct strength method. This paper presents appropriately modified design equations that 
can be used to predict the ultimate loads accurately in the temperature range of 20 to 800oC. 
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